The liver extracellular matrix (ECM) expands with highfat (HF) feeding. This finding led us to address whether receptors for the ECM, integrins, are key to the development of diet-induced hepatic insulin resistance. Integrin-linked kinase (ILK) is a downstream integrin signaling molecule involved in multiple hepatic processes, including those related to differentiation, wound healing, and metabolism. We tested the hypothesis that deletion of ILK in mice on an HF diet would disrupt the ECM-integrin signaling axis, thereby preventing the transformation into the insulin-resistant liver. To determine the role of ILK in hepatic insulin action in vivo, male C57BL/6J ILK lox/lox mice were crossed with Albcre mice to produce a hepatocyte-specific ILK deletion (ILK lox/lox Albcre). Results from this study show that hepatic ILK deletion has no effect on insulin action in lean mice but sensitizes the liver to insulin during the challenge of HF feeding. This effect corresponds to changes in the expression and activation of key insulin signaling pathways as well as a greater capacity for hepatic mitochondrial glucose oxidation. This demonstrates that ILK contributes to hepatic insulin resistance and highlights the previously undefined role of integrin signaling in the pathogenesis of diet-induced hepatic insulin resistance.
The liver extracellular matrix (ECM) expands with highfat (HF) feeding. This finding led us to address whether receptors for the ECM, integrins, are key to the development of diet-induced hepatic insulin resistance. Integrin-linked kinase (ILK) is a downstream integrin signaling molecule involved in multiple hepatic processes, including those related to differentiation, wound healing, and metabolism. We tested the hypothesis that deletion of ILK in mice on an HF diet would disrupt the ECM-integrin signaling axis, thereby preventing the transformation into the insulin-resistant liver. To determine the role of ILK in hepatic insulin action in vivo, male C57BL/6J ILK lox/lox mice were crossed with Albcre mice to produce a hepatocyte-specific ILK deletion (ILK lox/lox Albcre). Results from this study show that hepatic ILK deletion has no effect on insulin action in lean mice but sensitizes the liver to insulin during the challenge of HF feeding. This effect corresponds to changes in the expression and activation of key insulin signaling pathways as well as a greater capacity for hepatic mitochondrial glucose oxidation. This demonstrates that ILK contributes to hepatic insulin resistance and highlights the previously undefined role of integrin signaling in the pathogenesis of diet-induced hepatic insulin resistance.
Insulin resistance is a hallmark of metabolic syndrome and it precedes the development of type 2 diabetes (1,2). The liver is integral to maintaining whole-body glucose homeostasis. Under healthy conditions, insulin robustly suppresses glucose production by the liver and lipolysis in adipocytes. In the insulin-resistant state, insulin-mediated suppression of hepatic glucose production and adipocyte lipolysis is impaired, leading to increased blood glucose and elevated circulating nonesterified fatty acid (NEFA) levels. Elevated NEFAs promote hepatic triglyceride (TG) synthesis and storage that results in increased hepatic lipid accumulation (3, 4) and liver damage (5) that is associated with increases in extracellular matrix (ECM) proteins (6) .
Integrins communicate changes in the ECM to the intracellular space through protein-protein interactions and signaling events (7) . In mammals, there are 24 distinct integrins each composed of an a and b subunit. Studies suggest that integrins regulate glucose and lipid metabolism in several key metabolic organs, including skeletal muscle (8) and liver (6, 9) . Specifically, it was recently determined that integrin a1b1 preserves hepatic insulin action during states of nutrient overload (6) . However, integrin signaling is complex and multifaceted. It requires the recruitment of many unique signaling and/or adaptor proteins to the cytoplasmic b tails (10) . Thus each integrin expressed on the cell surface may bind different signaling proteins that serve a unique function.
Perhaps the most central of the integrin binding proteins is integrin-linked kinase (ILK). ILK is a highly conserved intracellular scaffolding protein. It is a component of the ILK-PINCH-parvin (IPP) complex located at focal adhesions and interacts with the b1-, b2-, and b3-integrin cytoplasmic domains in addition to numerous cytoskeleton-associated proteins such as actin (10, 11) . Interestingly, ILK was originally identified as a kinase due to the significant sequence homology of the C terminus to other Ser/Thr protein kinases (12) . Since then, several lines of evidence have confirmed that ILK does not possess an active kinase domain and it is now classified as a bona fide pseudokinase (13, 14) . The pseudokinase domain of ILK is an essential domain for the recruitment of several adaptor proteins and signaling molecules, including proteins involved in insulin action such as PKB/Akt, PDK1, and GSK-3b. Therefore, although ILK lacks intrinsic kinase activity, it has been implicated in the regulation of numerous cell signaling cascades (15) (16) (17) .
ILK is a major mediator of integrin signaling and is a key regulator of ECM-cell interactions. Extensive research has been conducted on ILK signaling and function in cellular systems (10, 18, 19) . These studies helped to identify ILK as a signaling molecule at the intersection of many critical signaling pathways, including those involved in insulin action (20, 21) . Few studies, however, have focused on the role of ILK in the liver and even fewer have focused on the role of hepatic ILK in vivo. Previous studies in mice described a role for ILK in the regulation of liver fibrosis (22) , differentiation (23) , and wound healing. For example, the genetic deletion of ILK from hepatocytes leads to enhanced liver regeneration after insult (23) (24) (25) (26) . ILK protein expression is increased in a rodent model of liver fibrosis (22) , and ILK has also been shown to be involved in the regulation of matrix-induced hepatocyte differentiation in vitro and in vivo (23) . Collectively, these studies show that ILK is critical for the activation of insulin signaling molecules, such as Akt, in addition to liver regeneration and differentiation in response to injury. Nonetheless, the role of ILK in response to the injury and hepatic metabolic derangements associated with overnutrition is a glaring deficit.
The current study tests whether the biochemical link of ILK to insulin signaling contributes to hepatic metabolic dysregulation in the high fat (HF)-fed mouse. The advantage of studying ILK is that it is more efficient and meaningful than studying the numerous integrin receptors. ILK is common to a broad range of integrin signaling pathways and is the best representation of the integrated response to activation of the numerous integrin receptors. Herein, we hypothesize that the deletion of hepatic ILK protects the liver against diet-induced impairments in hepatic insulin action. The conclusions that follow show that ILK is a major contributor to both hepatic insulin resistance and lipid accumulation in the HF-fed state. The results from these studies establish a new paradigm for hepatic insulin resistance and emphasize that integrin signaling represents a novel therapeutic target to treat the underlying hepatic insulin resistance associated with type 2 diabetes.
RESEARCH DESIGN AND METHODS

Mouse Models
The global deletion of ILK is embryonic lethal (27 
Hepatocyte Isolation
Livers of anesthetized mice were perfused as previously described (6) . Cell fractions were collected, washed, and resuspended in lysis buffer prior to protein extraction.
Hyperinsulinemic-Euglycemic Clamp (Insulin Clamp)
Carotid artery and jugular vein catheters were implanted for sampling and infusion 5 days prior to the study (29 
Processing of Insulin Clamp Plasma Samples
Radioactivity of H]glucose was determined by scintillation counting (29) . R a and R d were calculated using non-steady-state equations (31) . Arterial insulin was determined by ELISA (ALPCO). FFAs were assessed using an enzymatic assay (NEFA C Kit; Wako Chemicals).
Measurement of Plasma and Hepatic TGs
Plasma and liver TGs were quantified using the Triglycerides-GPO Reagent Set according to the manufacturer's protocol (Pointe Scientific, Inc.).
Measurement of Hepatic Glycogen Content
Liver glycogen content was determined as described previously (32) .
Immunoprecipitation and Immunoblotting
Frozen tissue was homogenized as previously described (8) . Imaging was performed using the ImageJ processing program and Odyssey imaging system (LI-COR Biosciences).
Real-Time PCR
RNA was extracted using the RNeasy Mini Kit (Qiagen). RNA was reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad). Quantitative PCR (qPCR) was performed using TaqMan Universal PCR Master Mix and TaqMan Assays (Applied Biosystems) for Srebp1c, Acc1, and Fas. Gene expression for Dgat1 and Dgat2 was measured using SYBR Green as previously described (33) . Data were normalized to the 18S ribosomal protein (TaqMan) or cyclophilin (SYBR Green) and analyzed using the 2 2DDCt method (34).
Kinexus Assay
The Kinex Kam-850 Antibody Microarray Kit (Kinexus) was used as per the manufacturer's instructions (www .kinexus.ca). See Supplementary Data for details.
Statistical Analysis
Data are presented as means 6 SEM. Statistical analyses were performed using Student t test or two-way ANOVA followed by Tukey post hoc tests as appropriate. The significance level was P # 0.05.
RESULTS
Hepatocyte Adaptations to the Genetic Deletion of ILK and HF Diet
Hepatocytes were separated from nonparenchymal cells as described in RESEARCH DESIGN AND METHODS. The deletion of ILK in hepatocytes was confirmed in ILK lox/lox Albcre mice by Western blot (Fig. 1A) . ILK was highly expressed in whole-liver lysate and in the nonparenchymal fraction ( Fig. 1B and C) . This is consistent with another study confirming the high expression of ILK in other liver cell types, including endothelial cells, Kupffer cells, stellate cells, and biliary cells (35) . It has been shown that when ILK expression is downregulated, other components of the IPP complex are also decreased (36) . Thus, we determined PINCH and a-parvin protein expression in homogenate from whole liver, hepatocytes, and nonparenchymal cells (Supplementary Fig. 1 Albcre mice were placed on either a chow or HF diet. HF feeding increased body weight and fat mass (Table 1 ). There were no differences in body weight, fat mass, or lean mass between genotypes on either a chow or HF diet. HF feeding can differentially regulate protein expression in hepatocytes; thus, we examined ILK, PINCH, and a-parvin protein expression via Western blot in hepatocytes isolated from chow-and HF-fed mice. We found that ILK protein expression was decreased and PINCH and a-parvin protein expression were increased in hepatocytes isolated from HF-fed mice ( Fig. 1D and E) . Previous studies (23, 24, 35) described changes in the size of the liver upon ILK deletion. Liver wet weight was determined and there was no difference between the genotypes on an HF diet ( Supplementary Fig. 2 ).
Hepatic Insulin Action Is Improved in HF ILK lox/lox Albcre Mice
Insulin action was assessed in ILK lox/lox and ILK lox/lox Albcre mice on both a chow and HF diet using the insulin clamp. During the insulin clamp, blood glucose was maintained between 130 and 140 mg/dL ( Fig. 2A and F) . There was no difference in the glucose infusion rate (GIR), endogenous glucose production (endoR a ), or glucose utilization (R d ) (Fig.  2B-D) during the insulin clamp between the chow-fed ILK lox/lox and ILK lox/lox Albcre mice. In contrast, the GIR was increased in HF-fed ILK lox/lox Albcre mice by 50% compared with HF-fed ILK lox/lox mice ( Fig. 2G and H). Basal endoR a was not different between genotypes (Fig. 2I) . Suppression of endoR a during the insulin clamp was attenuated in ILK lox/lox mice by the HF diet, whereas full suppression of endoR a was restored in HF-fed ILK lox/lox Albcre mice (Fig. 2I) . There was no difference in R d during the insulin clamp (Fig.  2I) . Basal 5 h-fasted plasma insulin values were not different between the genotypes and plasma insulin was raised during the insulin clamp ( Fig. 2E and J) .
ILK has been shown to interact with several modulators of the insulin signaling cascade, such as Akt (37) . To determine whether the hepatocyte-specific deletion of ILK affected insulin signaling, markers of insulin signaling were assessed in 5 h-fasted and insulin-stimulated livers from HF-fed ILK lox/lox and ILK lox/lox Albcre mice via Western blot (Fig. 3) . IRS1, Akt, and focal adhesion kinase (FAK) phosphorylation were increased in the liver with an insulin stimulus regardless of genotype (Figs. 3A, B , and E). Consistent with the hepatic glucose flux measurements, the fold increase in Akt phosphorylation at S473 was elevated in insulin-stimulated HF-fed ILK lox/lox Albcre mice and there was a slight, nonsignificant elevation in FoxO1 S256 phosphorylation. To further determine the role of ILK in insulin signaling within the liver, an antibody microarray was used to identify several phosphoproteins that were changing in insulin-stimulated livers from HF-fed ILK 
Body weight, body composition, and fasting blood glucose were determined in basal 5 h-fasted mice. Data are represented as means 6 SEM; n = 5-8/group. *P , 0.05 compared with chow-fed mice of the same genotype. support of the improved insulin sensitivity and Western blot analysis in HF-fed ILK lox/lox Albcre mice, FoxO1 phosphorylation at S256 was increased.
To determine the effect of ILK on hepatic gluconeogenic gene expression in the HF-fed state, qPCR was used to determine gene expression of glucose-6-phosphatase (G6pc) and phosphoenolpyruvate carboxylase (Pepck) in the livers from 5 h-fasted and insulin-clamped mice (Fig. 3D ). To test the hypothesis that mitochondrial function was improved in the HF-fed ILK lox/lox Albcre mice, respirometry was performed using isolated mitochondria (Supplementary Fig.  3 ). Consistent with our hypothesis, glutamate/malatestimulated state 3 respiration was increased in ILK lox/lox Albcre mice ( Supplementary Fig. 3A) .
ILK is a known effector of GSK-3b (20) . Thus, GSK-3b signaling and liver glycogen were determined in several conditions known to perturb glycogen metabolism. There was a slight, but insignificant, elevation in GSK-3b phosphorylation in the 5 h-fasted state (Fig. 4A) . Short-term fasting glycogen levels were increased in HF-fed ILK lox/lox Albcre mice (Fig. 4B) . Insulin stimulated glycogen accumulation in the livers of insulin-clamped HF-fed ILK lox/lox mice; however, no net accumulation was observed in the HF-fed ILK lox/lox Albcre mice (Fig. 4B) . Liver glycogen content was increased when mice 
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were subjected to an 18-h fast and a 6-h refeeding period in ILK lox/lox mice (Fig. 4C ), but this effect was blunted in ILK lox/lox Albcre mice. There was no difference in the phosphorylation of GSK-3b between the genotypes in response to the 18-h fast or the 18-h fast and 6-h refeeding period (Fig. 4D) .
Hepatic TG Content Was Decreased in Mice With a Genetic Deletion of ILK
HF feeding leads to the development of fatty liver and hepatic insulin resistance (4) . To test the hypothesis that improved hepatic insulin action in HF-fed ILK lox/lox Albcre mice was associated with decreased TG accumulation, markers of lipid metabolism were measured. Hepatic TG content was decreased in livers from 5 h-fasted HF-fed ILK lox/lox Albcre mice (Fig. 5A ). There was no difference in circulating 5 h-fasted plasma TGs (Fig. 5B) . Lipogenic gene expression was determined using qPCR (Fig. 5C ). Despite decreased TG accumulation, gene expression for the lipogenic genes Srebp-1c, Fas, Acc1, Dgat1, and Dgat2 was increased. Circulating FFAs are the main substrate for the synthesis and accumulation of hepatic TGs (39) . Consistent with decreased liver TG content, circulating FFAs were decreased in HF-fed ILK lox/lox Albcre mice in both the 5 hfasted and insulin-clamped states (Fig. 5D ).
DISCUSSION
The goal of this study was to determine whether the integrin signaling molecule ILK contributes to hepatic insulin resistance and lipid accumulation in the insulinresistant state. Here we show that the selective deletion of hepatic ILK in vivo results in the complete restoration of hepatic insulin sensitivity in HF-fed mice. Strikingly, deletion of hepatic ILK in chow-fed mice was without an observable phenotype difference compared with littermate controls. The increase in insulin action in HF-fed mice corresponds to changes in the activation of key signaling pathways, a greater capacity for hepatic mitochondrial glucose oxidation, and decreased hepatic lipid accumulation. Hepatocytes are the most abundant cell type in the liver and a major site of hepatic insulin action and lipid metabolism (40) . Our data illustrate that ILK was selectively deleted from hepatocytes in the ILK lox/lox Albcre mice. The liver is composed of several different cell types, including stellate cells, Kupffer cells, and endothelial cells. ILK expression in liver lysates from ILK lox/lox Albcre mice is consistent with other reports that show high expression of ILK in stellate cells. Differences between our study and others may arise from the different mouse models used to drive the deletion of ILK (22, 35) .
ILK protein expression was decreased in hepatocytes isolated from HF-fed mice compared with chow-fed mice. We propose that ILK protein expression is downregulated as a consequence of overnutrition and may have an impact on its downstream targets, yet this downregulation does not fully protect the hepatocyte and is not enough to prevent hepatic insulin resistance in wild-type HF-fed mice. The complete removal of ILK signaling from the hepatocyte was necessary for the full protective effects. Perhaps it is not solely the downregulation of ILK in the presence of an HF diet that alters hepatic insulin action but the upregulation of PINCH and a-parvin in combination with the downregulation of ILK. The observation that PINCH and a-parvin are downregulated when ILK is deleted has been described elsewhere (36) and is supported by data here. Hence when ILK is deleted and PINCH and a-parvin are subsequently downregulated, it is the downregulation of the entire IPP complex, and not just ILK, that causes the liver to become more sensitized to insulin in the context of overnutrition.
Hepatic insulin resistance is characterized by normal or increased hepatic glucose output despite high levels of circulating insulin. In our studies, the insulin clamp was used to determine the role of ILK in hepatic insulin action in vivo. Here we show that the GIR was increased in HF-fed ILK lox/lox Albcre mice by 50% compared with HF-fed ILK lox/lox mice. There was no difference in GIR or endoR a in chow-fed mice during the insulin clamp. In HF-fed mice, basal endoR a was not different between genotypes. The insulin-mediated suppression of endoR a during the insulin clamp was attenuated in ILK lox/lox mice fed an HF diet, and the suppression of endoR a was fully restored by the deletion of ILK. Despite improved indicators of insulin action, there was a marked increase in fasting insulin in HF ILK lox/lox Albcre mice compared with chow-fed mice. Thus, it is possible that the HF ILK lox/lox Albcre mice are insulin resistant compared with chow-fed mice. This is reflected by the decrease in R d in HF mice compared with chow-fed mice within each genotype. It is also possible that differences in insulin clearance exist with HF diet (41) (42) (43) that the deletion of ILK does not correct. There was no difference in insulin-stimulated R d between the genotypes on an HF diet, indicating that the difference in GIR was solely attributable to differences in hepatic insulin action between genotypes. ILK has been implicated in the regulation of both integrin and growth factor signaling (16, 20, 44) . It was once postulated that ILK was a Ser/Thr kinase capable of directly phosphorylating Akt (12, 17) . This led to the notion that ILK directly activates Akt in vitro and in vivo. This has since been refuted. It is now recognized that ILK is an adaptor protein that is part of a multiprotein complex that recruits kinases and promotes the phosphorylation of Akt through an indirect mechanism (16, 44) . However, no studies to date have addressed the role of ILK in the phosphorylation of hepatic Akt, or other key insulin signaling molecules such as IRS1, after a prolonged insulin stimulus in vivo. In support of the insulin clamp data, herein we show by Western blot and protein microarray that insulin-mediated phosphorylation of Akt Ser473 and FoxO1 Ser256 was enhanced in HF-fed ILK lox/lox Albcre mice. This finding is supported by a study showing that treatment of ILK-deficient cells with insulin resulted in the phosphorylation of Akt (27) . There was no difference in IRS1 phosphorylation between genotypes, suggesting that the deletion of hepatic ILK improves insulin signaling downstream of IRS1. The results from the phosphoprotein microarray ( Supplementary Fig. 1 ) highlight the differences between the genotypes upon insulin stimulation. Although these data are descriptive in nature, they provide insight into the complex signaling pathways that exist at the intersection of integrin and insulin signaling. We also found that FAK phosphorylation is increased in the liver after an insulin clamp. FAK is an integrin-associated cytoplasmic tyrosine kinase implicated in the regulation of hepatic insulin signaling (45) (46) (47) . This is consistent with other studies showing that insulin stimulates hepatic FAK phosphorylation (47, 48) . In further support of the insulin clamp data, the increase in hepatic insulin signaling in HF-fed ILK lox/lox Albcre mice led to greater insulin-mediated suppression of the gluconeogenic genes G6pc and Pepck. The basal transcript levels of G6pc and Pepck were higher in the HF-fed ILK lox/lox Albcre mice, and this may be a result of any number of factors, including differences in circulating glucagon and/or corticosterone levels or a component of the complex integrin-metabolic signaling network that is as yet undefined. Collectively, measurements of gene expression, downstream insulin signaling, and glucose fluxes combine to show that hepatocyte ILK deletion protects against hepatic insulin resistance during overnutrition. However, the precise mechanism whereby ILK signaling interfaces with insulin signaling remains unknown. This demonstrates the complexity of working with whole-tissue homogenates designed to mimic physiological settings that simply cannot be replicated or achieved in cell culture. Future studies are necessary to fully define how ILK and insulin signaling intersect to promote hepatic insulin action.
GSK-3b is a proposed downstream target of ILK signaling (12, 17) ; thus, we examined GSK-3b phosphorylation and glycogen content in livers from HF-fed ILK lox/lox and ILK lox/lox Albcre mice under different conditions. Glycogen accumulation after an insulin clamp and fasting/refeeding was impaired by ILK deletion. This appeared to be independent of GSK-3b Ser9 phosphorylation as this was not significantly affected under any condition. The reason for the apparent lower rate of glycogen synthesis upon insulin stimulation or during fasting and refeeding may result from reduced glycogen deposition from gluconeogenic carbons as Pepck was reduced in insulin-stimulated ILK lox/lox Albcre mice. It is noteworthy that fasting liver glycogen stores were actually elevated in ILK lox/lox Albcre mice. This may be due to the lower rate of liver glycogen breakdown or increased shunting of glucose precursors into glycogen.
One of the most interesting findings was that the improvement in insulin action in the HF-fed ILK lox/lox Albcre mice coincided with decreased hepatic lipid accumulation. This is consistent with the observation that hepatic lipid accumulation is associated with insulin resistance (4). There was no difference in liver wet weight between the genotypes on an HF diet that could explain this effect. This is in contrast to previous studies (23, 24, 35) and is likely due to differences in several factors, including diet, background strain, method of ILK deletion, and time at which the mice were studied.
A large fraction of liver TGs are derived from circulating FFAs (39, 49) . Circulating FFAs were decreased in both the 5 h-fasted state and during the insulin clamp in the HF-fed ILK lox/lox Albcre mice. Hence, these data strongly suggest that the decrease in hepatic TGs is due, at least in part, to decreases in circulating NEFAs under both basal and insulin-stimulated conditions. The decrease in liver TGs in HF-fed ILK lox/lox Albcre mice occurred in the presence of increased gene expression for several lipogenic genes. These data are consistent with our previous demonstration that HF-fed integrin-a1 null mice have decreased hepatic TG accumulation despite increased lipogenic gene expression (6) . This supports the idea that during times of dietary lipid excess, the liver promotes the incorporation of lipid metabolites into neutral lipid droplets to protect against the deleterious effects of an HF diet. It remains unknown whether de novo lipogenic flux and/or VLDL secretion is different between the genotypes, and one outstanding question is how a liver knockout decreases peripheral FFA release. One could speculate the existence of a "hepatokine" that decreases lipolysis in HF-fed ILK lox/lox Albcre mice or that decreased FFAs are a reflection of improved metabolic health in HF ILK lox/lox Albcre mice due to differences in circulating levels of cytokines, such as TNF-a or IL-6, known to affect adipose tissue health and FFA release.
In summary, we demonstrate for the first time that hepatic ILK contributes to insulin resistance during the challenge of HF feeding and promotes hepatic lipid accumulation in vivo. The selective deletion of ILK from hepatocytes leads to a marked improvement in hepatic insulin action in HF-fed, but not chow-fed, mice. This improvement was associated with increased insulin signaling, a greater capacity for hepatic mitochondrial glucose oxidation, and decreased hepatic lipid accumulation. It is feasible that the deletion of hepatic ILK in the context of overnutrition improves hepatic health by either 1) attenuating the ability of the ECM to transmit signals inside the cell or 2) facilitating intracellular signaling to promote insulin action and downregulate lipogenic processes. ILK has numerous binding partners. Thus, ILK may contribute to the pathogenesis of diet-induced hepatic insulin resistance by causing multiple defects, and the phosphoproteome (Supplementary Table 1) provides initial insight into possible pathways affected. Overall, this study emphasizes the importance of the ECM and integrin signaling in the regulation of hepatic macronutrient metabolism in the diet-induced obese state. These findings combined with our earlier work support the notion that integrins represent novel therapeutic targets to treat the underlying insulin resistance associated with type 2 diabetes.
